Background: Trihalomethanes in drinking water have been associated with higher occurrence of small-for-gestational-age (SGA) births, although results have been inconsistent. Method: We geocoded residential address for mother of live, singleton, term births to 33 water distribution systems in a large metropolitan area of New South Wales, Australia (314,982 births between 1998 and 2004) and classified births into Ͻ10th percentile and Ն10 percentile of weight for gestational age. Mean trihalomethane exposure was estimated by trimester and for the entire pregnancy based on monthly sampling in each of the 33 water distribution systems. We estimated the relative risk (RR) of SGA for exposure to trihalomethanes using log-binomial regression adjusting for confounding. Results: SGA births increased with mother's third-trimester exposure to chloroform (RR ϭ 1.04 ͓95% confidence interval ϭ 1.02-1.06͔, across an interquartile range ͓IQR͔ ϭ 25 g/L) and bromodichloromethane (1.02 ͓1.01-1.04͔, 5 g/L). Larger associations were found for SGA less than third percentile. Smoking modified the effects of trihalomethane exposure, with generally larger associations in births to nonsmoking mother and weaker or protective associations in births to smoking mothers. Conclusions: Mothers' exposures during pregnancy to total trihalomethane as well as to chloroform and bromodichloromethane were associated with SGA. These associations were modified by maternal smoking during pregnancy.
C hlorine has been widely used to disinfect drinking water for nearly 100 years, leading to dramatic reductions in morbidity and mortality from water-borne diseases such as typhoid and cholera. Water disinfection is acknowledged as one of the great public health achievements. 1 An unintended consequence of water disinfection is chemical reaction of chlorine with natural organic matter and bromide in water to produce a range of compounds called disinfection byproducts (DBPs). 2 Trihalomethanes (THMs) were the first DBPs discovered, in 1974. Since then, more than 600 DBP species have been identified, with more than 50% of the total organic halogen content still unidentified. 2 Only a small number of DBPs have been assessed by toxicologic studies and even fewer in epidemiologic studies. 2 Several toxicologic and epidemiologic reviews have assessed the evidence for associations between DBPs and various health outcomes. There is some evidence for links with bladder cancer, neural tube defects, and small-for-gestational-age-(or intrauterine growth restriction) and stillbirths. Results have been more mixed for colorectal cancers, spontaneous abortion, low birth weight and term low birth weight, and cardiovascular, respiratory, and urinary tract defects. Studies on the associations of DBPs with other cancers, other birth defects, preterm birth, and neonatal death have generally been negative. [3] [4] [5] [6] [7] [8] A recent meta-analysis showed a small association between total THMs (THM4) and SGA while also identifying study limitations. 9 Major limitations include the use of indirect estimates of DBP exposure; total trihalomethane as the only exposure metric; exposure assessment based on utility or municipality-wide average exposure; exposure data often available only on a quarterly basis; and important missing confounders such as maternal smoking, alcohol intake, socioeconomic status or baby's sex. With these limitations of past studies in mind, we investigated associations of SGA births with exposure to chloroform, bromodichloromethane (BDCM), dibromochloromethane (DBCM), and total THM (THM4) in drinking water in the Sydney/Illawarra metropolitan region of New South Wales, Australia.
METHODS
We obtained birth data from 1997 to 2004 from the NSW Midwives Data Collection, a mandatory population-based surveillance system covering all births in New South Wales public and private hospitals and the small number of home births. 10 Information for all live births and stillbirths of at least 20 weeks' gestation or birth weight of at least 400 g is recorded by either the attending midwife or medical practitioner. A validation study of 2% of the birth data in 1998 (n ϭ 1703) against other medical records demonstrated high agreement, with more than 70% of the data items having a kappa value of 0.75 or more. These items include gestational age, smoking during pregnancy, preeclampsia, and duration of pregnancy at first antenatal care visit. 11 The birth data were linked to the state-wide Birth Defects Register. We excluded premature babies, 12 babies with birth defects, nonsingleton births, and infants with gestational age Ͻ22 weeks or Ͼ43 weeks, as well as those with birth weight Ͼ5 standard deviations from the average for gestational age (considered biologically implausible). Where accurate self-reported date of the last menstrual period was not available, gestational age was estimated using a clinical estimate based on ultrasound or clinical examination. A detailed description of exclusion criteria, methods used to derive percentile birth weights stratified by sex and gestational week, and maternal and infant covariates has been published. 13 We geocoded mother's residential address at the time of delivery 14 and assigned an area-based measure of mothers socioeconomic status (the index of relative socioeconomic disadvantage 15 ) at the Census Collection District level (approximately 80 -200 households). The geocoded births were mapped to digital boundaries of the Sydney/Illawarra water distribution system; births falling outside the extent of the spatial layers were excluded. All mapping was done using ArcGIS v9 (2004, ESRI, Redlands CA).
Exposure Estimation
THM data were obtained for the Sydney/Illawarra water supply from 1998 to 2004; these data are described in detail elsewhere. 16 The Sydney/Illawarra water utility has a three-level hierarchical structure with 14 delivery systems containing 33 distribution systems and 180 water supply zones. Monthly THM monitoring generally rotates through 3-6 sites in each distribution system on a 3-6-month cycle. During the study period, 5341 THM observations were available. Less than 1% of values were below the detection limit for chloroform and BDCM and less than 5% for DBCM; however, more than 85% of bromoform values were below the detection limit. As with some other studies, we set values flagged as below the detection limit to two-thirds of the detection limit value (detail in eAppendix A1, http://links.lww.com/EDE/A538). 17, 18 Due to the large proportion of below-detection-limit values for bromoform, we assessed bromoform only as a component of THM4.
We assigned THM exposure at the distribution-system level, which are defined by water treatment plant and method of disinfection. The 33 distribution systems range in area from 13 to 349 km, with the number of births per system ranging from 62 to 34,008. We used distribution/mo data to calculate average THM and THM4 exposure per trimester and for the whole pregnancy for each birth to a mother whose usual place of residence was within the distribution system. We log-transformed THM concentrations due to their skewed distribution and back-transformed the values for regression modeling and reporting.
To calculate distribution-system-level exposures, the THM data were averaged within each zone to obtain a zone/mo THM concentration (68% of zone/mo values were missing). We then averaged across zones within a distribution system to obtain the distribution/mo THM concentration (13% of distribution/mo values were missing). We estimated missing distribution/mo THM data by replacing missing values with monthly values from the related delivery level of the hierarchy to obtain complete monthly THM data for each distribution system. We categorized disinfectant regimen within a zone using zone/mo monochloramine concentrations exceeding 0.3 mg/L to indicate chloraminated water (Sydney Water Corporation, 2007, written communication). Distribution systems that included zones receiving both chlorinated and chloraminated water were classified as mixed for that month. We used the intracluster correlation coefficient to assess the variability in monthly THM concentrations by year within and between the spatial units of Sydney/Illawarra water supply hierarchy and found greater variability between distribution systems than within.
We had limited data on 9 haloacetic acids and trichloroacetonitrile. A description of the data and correlations with THMs is provided in eAppendix A7 and A8 (http://links.lww.com/EDE/A538).
Statistical Analysis
We used a log-binomial model to calculate relative risks (RRs) of SGAϽ10th percentile of weight for gestational age births compared with appropriate-for-gestational-age (AGA) births (Ն10th percentile) for exposure to THMs during each trimester and for the entire pregnancy, adjusting for a core group of covariates identified as potential confounding factors.
Sandwich-error estimates of the relative risks as recommended by Zou 19 were calculated in SAS version 9.1.3 (SAS Institute, Cary, NC). In addition, the RELRISK8 SAS macro was used to check the accuracy of log Poisson estimates against log-binomial estimates; differences were negligible. 20 We examined the shape of the exposure-response relationship between THM and SGA with an equivalent generalized additive model (GAM) 21 including a smoothing spline (3 degrees of freedom) for THM exposure using S-Plus version 6.1 (Insightful Corp., Seattle, WA).
The association of potential confounding factors with SGA was first assessed individually in univariate models. All relevant factors (P Ͻ 0.25) were then combined in forced multivariable models to estimate adjusted relative risks. We determined the final list of confounding factors to be included in the multivariate model by assessing colinearity through changes in the effect estimates of the log-odds and their associated standard errors when other covariates were included. The final core model included baby's sex, year of birth, season of birth, duration of pregnancy at first antenatal care visit (Յ12weeks or Ͼ12 weeks), maternal smoking anytime during pregnancy (yes/no), maternal age, indigenous mother, maternal country of birth (Australia, Asia, other), previous pregnancy, preexisting diabetes, preexisting hypertension, gestational diabetes, preeclampsia, and socioeconomic status (SES). We assessed potential mediation of effects of THM exposure on SGA by the major confounding factors of socio-economic status and smoking by including interactions terms in the model.
We assessed any potential geographical clustering in the residuals of the core multivariate model and found that the intracluster correlation coefficients at the distribution-system level were very small, indicating that more complex models were not required. Correlation between THMs and trimesters were assessed using the Spearman correlation coefficient.
We performed a number of sensitivity analyses to test robustness of the results, including the possible influence of disinfection type and potential threshold effects of the associations between THMs and SGA (eAppendices A, http://links.lww.com/EDE/A538).
We present results for SGAϽ10% (Ͻ10th percentile weight for gestational age) for comparison with previously published studies, and also for SGAϽ3% (Ͻ3rd percentile weight for gestational age) (summarized in eAppendix B, http://links.lww.com/EDE/A539).
RESULTS
There were 362,013 live singleton births during the study period in the Sydney/Illawarra Local Government Areas. The geocoded births were mapped to Sydney/Illawarra distribution systems; 6248 births (2%) outside the distribution systems were excluded. We also excluded 40,783 infants (11%) for the following reasons: birth defects, stillbirths, multiple births, missing birth weight or gestational age, ges- The characteristics of the study population are presented in Table 1 . We found higher proportions of term SGA Ͻ10% births among teenage mothers (15.1%), indigenous mothers (15.9%), mothers born in Asia (15.0%), mothers who smoked during the third trimester (17.8%), mothers from lower socioeconomic areas (13.2%), first pregnancies (12.7%), and mothers who attended antenatal care classes after 12 weeks of pregnancy (11.5%). Births excluded due to missing covariate and exposure data were more likely to be SGA if the mothers were indigenous (34.0%), Asian (17.6%), smoked anytime during pregnancy (25.3%), or from lower socioeconomic areas (19.6%) (eAppendix A3, http://links.lww.com/EDE/A538).
Mothers living in areas supplied by chlorinated waters typically had higher THM exposures than women living in areas supplied by chloraminated water (86% of all births) or by mixed water. Table 2 summarizes the mean third-trimester and entire-pregnancy THM exposure for SGA and AGA births. eAppendix A4 (http://links.lww.com/EDE/A538) provides THM exposures stratified by disinfection type. Mean THM exposures were marginally higher for mothers with SGA births than those with AGA births.
BDCM and chloroform were highly correlated; neither was correlated with DBCM (eAppendix A5, http://links.lww.com/EDE/A538). THMs were highly correlated across trimesters (eAppendix A6, http://links.lww.com/EDE/A538). Because the third trimester is generally regarded as the critical window for exposure, we have focused on the third-trimester results.
SGA was associated with an interquartile range (IQR) increase in third-trimester exposure to chloroform (RR ϭ 1.04, ͓95% CI ϭ 1.02-1.06͔, IQR ϭ 25 g/L) and BDCM (1.02, ͓1.01-1.04͔, 5 g/L), with similar associations in other trimesters and for the entire pregnancy (Table 3 and eAppendix A9, http://links.lww.com/EDE/A538). The results for SGAϽ3% were similar to those for SGAϽ10%, although the magnitude of the RRs were generally larger (eAppendix B, http://links.lww.com/EDE/A539). For SGAϽ3%, the results for the Hunter Region were similar to those for Sydney/ Illawarra, but with wider confidence intervals. We found no association between THM exposure and SGAϽ10% births in the Hunter (eAppendix C6, http://links.lww.com/EDE/A540).
We categorized chloroform and BDCM into deciles to examine possible nonlinear associations and found a similar pattern of generally elevated associations in the first several deciles of exposure that increases in magnitude in the higher deciles. The third-trimester associations are shown in Table  4 ; cut points and full results are included in eAppendix A10 and A11 (http://links.lww.com/EDE/A538). We categorized DBCM as a dichotomous variable due to the small range of DBCM exposure concentrations and found a weak association. The GAM model concentration response plots for chloroform and BDCM suggest a broadly linear response (eAppendix A12, http://links.lww.com/EDE/A538). In contrast, the GAM results for SGAϽ3% suggested a possible threshold for third-trimester associations with chloroform and BDCM (eAppendix B Figure B2 -B3, http://links.lww.com/EDE/A539).
Sensitivity Analyses
Sensitivity analyses showed results similar to the primary analysis. We investigated the effects of stratifying our analysis by disinfection type and generally found the larger magnitude associations in chloraminated drinking water compared with chlorinated and mixed water (eAppendix A13, http://links.lww.com/EDE/A538). The effect estimates for SGA Ͻ3% in eAppendix B5 (http://links.lww.com/EDE/A539) were similar, but in mixed-disinfectant systems, the magnitude of association was larger for third-trimester exposure to chloroform (RR ϭ 1.13 ͓CI ϭ 1.04 -1.22͔ for SGAϽ3% compared with RR ϭ 1.07 ͓CI ϭ 1.03-1.12͔ for SGAϽ10%). We looked at the effect of excluding estimated distribution/mo data from the assessment of trimester and entire pregnancy exposure and found results similar to the primary analysis (eAppendix A14, http://links.lww.com/EDE/A538).
Mothers in areas of lower SES had exposure to higher concentrations (ϳ14%) of THMs (eAppendix A15, http://links.lww.com/EDE/A538). Smokers also had higher levels of THM exposure (ϳ10%) than nonsmokers (eAppendix A16, http://links.lww.com/EDE/A538). We found no evidence on an interaction between SES and THMs, but we did find an interaction between smoking and THMs. In a stratified analysis for smokers and nonsmokers, the asso- (20.4) ciation between SGA and third-trimester exposure to chloroform, BDCM, and DBCM increased for nonsmokers, compared with the nonstratified analysis, whereas there was a protective effect in smokers. The stratified-analysis results for SGA and third-trimester THM exposure are summarized in Table 3 , with results in eAppendix A17, http://links.lww.com/EDE/A538. We examined whether the associations of chloroform and of BDCM with SGA are independent of DBCM. The two-pollutant model suggests that the effects of chloroform on SGA are independent of the effects of DBCM, whereas the results for BDCM and DBCM are less clear (eAppendix A18a-b, http://links.lww.com/EDE/A538).
We examined the relationship between THM exposure and full-term birth weight (with gestational age included as a covariate in a linear regression model). There was a decrease in mean birth weight (Ϫ5 g ͓95% CI ϭ Ϫ9 to Ϫ1͔) with an IQR increase in chloroform, and an increase in mean birth weight of 4 g (2-5) with an IQR increase in DBCM (eAppendix A19, http://links.lww.com/EDE/A538).
We investigated the influence of the potential improvement in exposure assessment accuracy due to our use of mother's address data geocoded to distribution systems by comparing our primary results with those produced by an exposure assessment using mother's address mapped to 47 Local Government Areas, a large spatial unit often used for health studies in Australia. We found associations between SGA and THMs similar to the primary results, although with wider confidence intervals, the methods and results are detailed in eAppendix A20 -A24 (http://links.lww.com/EDE/A538). 
DISCUSSION
Our results suggest that maternal exposure to chloroform, BDCM, and THM4 during pregnancy is associated with reduced fetal weight. Although we found associations across all trimesters, the third-trimester association was generally the largest, consistent with this critical period of fetal growth. We found no clear evidence of potential threshold effects of THMs on SGAϽ10%, although there was some suggestion of a threshold for SGAϽ3%. Our investigation of potential threshold effects was limited by the lack of an unexposed population.
The associations between THM4 third-trimester exposure and SGA (RR ϭ 1.03) for a 25 g/L increase (RR ϭ 1.07 and RR ϭ 1.10, respectively, for upper 2 deciles [73-86 g/L and Ն86 g/L], respectively compared with first decile ͓Ͻ32 g/L͔) are broadly consistent with previous studies. [22] [23] [24] [25] [26] A recent meta-analysis by Grellier et al 9 on 9 studies found a similar small association of third-trimester THM4 exposures with SGA (OR ͓per 10 g/L͔ ϭ 1.01; odds ratio for THM4 concentrations above 80 g/L vs. Ͻ80 g/L ϭ 1.08).
The associations we found between chloroform and SGA are broadly consistent with 3 previous studies, 23, 27, 28 whereas 3 other studies did not find an association. 25, 29, 30 The associations we found between BDCM and SGA are similar to one previous study, 23 whereas 5 other studies reported no association. 25, [27] [28] [29] [30] No previous study has found associations between DBCM and SGA. 22, 27, 28, 30 However, the weak association we found with DBCM third-trimester dichotomous exposure (Ͼ5.9 g/L) should be viewed with caution due to the narrow distribution of DBCM exposure in Sydney/Illawarra, and the protective association with DBCM exposure in our analysis of birth weight as a continuous measure.
Although we found stronger relative risks between THM and SGAϽ3% compared with SGAϽ10%, it is unclear if these differences are meaningful. The SGAϽ3% classification includes more pathologically growth-restricted births compared with the SGAϽ10% group. 31, 32 Risks for adverse fetal and perinatal birth outcomes increase as birth weight decreases. 32 The use of the lower third-percentile birth weight has been recommended to define poor fetal growth in term infants 31 and the 2.5th percentile was suggested in a review of DBP studies and birth outcomes. 3 Although there is some epidemiologic evidence supporting the association of THMs with SGA, the potential biologic mechanisms for such an effect are not well defined. 6 The associations between SGA and exposure to chloroform and BDCM were larger for nonsmokers than overall. Among smokers, these associations were protective. This observation may be related to the relatively large smoking effect on SGA (more than a doubling of risk in smokers compared with nonsmokers), making it difficult to tease out the potential of effects of subtle risk factors such as THMs on SGA, where the effects on SGA may be small. Also, only 12% of mothers in our study smoked at all during pregnancy. The complex relationship between socioeconomic status and smoking may not provide sufficient control of this important confounding factor. The proportion of Hunter mothers who smoked during pregnancy (22%) was nearly double the proportion in Sydney/Illawarra. Possible uncontrolled confounding by smoking may be related to some of the differences between the Hunter and Sydney/Illawarra SGAϽ10% results (eAppendix C, http://links.lww.com/EDE/A540).
The unexpected relationships of SES and smoking with THM concentrations reflect the SES status of suburbs serviced by chlorinated and chloraminated distribution systems within the Sydney/Illawarra region. Chlorinated systems generally have higher THM exposures than chloraminated systems (third-trimester average during the study period: chlorinated THM4 ϭ 78 g/L; chloraminated THM4 ϭ 50 g/L).
In New South Wales, women Ͼ16 years of age who smoke tend to drink less water and greater amounts of other liquids than nonsmokers, and they also tend to drink more bottled water. 33 Potential unmeasured confounding from personal drinking habits, as well as the imprecise measure of smoking in our study, may have contributed to the negative association between THMs and SGA in smokers.
Our study comprised one of the largest study populations for analysis of THMs and SGA, and we were able to exclude premature babies and babies with birth defects. We worked closely with the water supply utilities to identify and account for variations in water source and disinfection regimes. Monthly THM data enabled us to account for temporal variations in disinfection byproducts related to season and operational changes in water management. Previous retrospective studies of SGA have generally been based on quarterly THM data, which do not capture shorter-term temporal variation. Our sensitivity analyses provided results similar to our primary analyses.
A potential limitation of this study was the lack of individual exposure data. THMs are volatile, and exposure can occur from activities such as showering and bathing. The THM exposure for a 10-minute shower may be equivalent to drinking 2 L of water. 34 Although we attempted to reduce exposure misclassification by geocoding births to distribution systems within the Sydney/Illawarra utility, the influence of misclassification remains unclear. Sensitivity analysis indicated that exposure misclassification at the local-governmentarea level is nondifferential compared with exposure assessed at the distribution-system level. The increased width of confidence intervals with local-government-area estimates reinforces the importance of assessing exposure by smaller spatial units.
Our study had no information on whether the mother changed residence during pregnancy. A US study on pregnant women and birth defects estimated 15% of mothers changed address over short distances (mean, 5 km) during pregnancy, most often in the first trimester. 35 We assumed that homes were connected to the public water supply (not a private well or rainwater tank) and that mothers did not filter or treat their water. Ninety-eight percent of Sydney's population is connected to the public water supply. A recent survey found that 87% of residents use the public water supply as their principal source of drinking water and that 65% do not filter or treat the water. 36, 37 Despite controlling for a number of important risk factors for SGA, our study lacked data on a number of potential confounders identified in other studies, such as number of cigarettes smoked a day, employment status, marital status, prepregnancy BMI, and caffeine intake. 9, 25 A large number of maternal, infant, and environmental factors are associated with SGA. 12, 31 These risks far outweigh the small associations between exposure to THMs and SGA found in Sydney/Illawarra.
Our results suggest associations between mother's exposure to THMs and SGA births. These associations are very small compared with the risks for SGA observed with smoking or low socioeconomic class. Furthermore, the associations may not be directly related to THM4 or its components (including chloroform or BDCM) but rather to some unmeasured DBPs correlated with these THMs. The US Environmental Protection Agency ranks drinking water risks as a high priority because almost everyone drinks public water or uses it for bathing. Potential toxic substances can have important public health effects due to the large exposed populations, even if the risk is small. 38 Still, the health risks associated with DBPs remain uncertain, whereas the effects of disinfection in reducing pathogens are well known. Reduction of disinfection byproducts may be desirable, but it should never compromise effective disinfection. 39 
